methods aimed at preventing the negative impact of de-icing campaigns, rules of planning and design of urban landscape, and reasonable management measures and pro-ecological modern technologies reducing and reversing the consequences of harmful actions are presented.
INTRODUCTION
Trees play a crucial role in the urban environment, fulfilling aesthetic, sociocultural, ecological, health-promoting or economic functions. Urban development and related human activity bring many hazards to green areas within urban space. Plants are exposed to stress related to water, soil and air pollution. Limited living space, disadvantageous light and thermal conditions, drought, excessive density, fluctuating soil pH and superfluous salinity are other dangers. European and North American cities have to cope with a serious problem of tree death. This is mostly caused by the use of de-icing chemicals in winter, of which sodium chloride is the most frequently used due to its cost-effectiveness and availability. Ions of this salt alter physicochemical properties of soil, devastating its structure, blocking assimilability of important nutrients and contributing to urban soil alkalization. Symptoms of salt accumulation in soil and salt aerosol deposition on plant organs include: shoot dieback, necrosis of leaf blade edges, premature leaf drop, branch and bough dieback. An increasing salt concentration in connection with difficult urban conditions and lack of efficient countermeasures has led to the death of many valuable street trees. This paper presents prophylactic measures aimed at counteracting the negative impact of "winter campaigns", and outlines planning and design principles, as well as eco-friendly modern technologies able to reduce salt use in winter and to reverse the effects of inappropriate actions. De-icing agents are characterized as well.
ROLE AND SIGNIFICANCE OF TREES IN CITIES
Trees inscribed in the urban landscape play a number of important roles. There are huge advantages of tree presence in urbanized terrains, while negative aspects seem to be of minor significance and are due to incorrect choice of tree species and location. A multitude of functions and advantages of urban green areas speaks decidedly for their expansion and conservation (Czerwieniec and Lewińska 1996 , Szczepanowska 2001 , Saebo et al. 2003 , Tyrvainen et al. 2005 . The aesthetic and architectural role is an important function of trees in cities. By their diversity, they enrich the landscape and differentiate the perception of colour, structure and density of the surroundings depending on the season (Tyrvainen et al. 2005) . Urban trees also present social advantages, supporting mental and physical health. Healthpromoting properties have been demonstrated for some species of shrubs and trees, e.g. Betula sp., Tilia sp., Picea sp., due to their negative ionization of air, which is beneficial for human well being (Czerwieniec and Lewińska 1996) . The economic benefits of the presence of trees in cities also cannot be disregarded. Depending on age, species and size of tree crown, trees can influence the value of properties in which they grow (Tyrvainen et al. 2005 , Akbari et al. 2001 . Trees show an exceptional ability to purify the urban environment (Beckett et al. 1998) . They increase humidity and by transpiration and shading, they slightly lower local air temperature and thus ozone level, which tends to accumulate in places with higher temperatures . Trees minimize the negative impact of wind, fulfilling a role of windbreaks along streets and motorways (Tyrvainen et al. 2005) . They alleviate the impact of heavy rain by keeping raindrops on their leaves, thereby reducing run-off to drainage systems and minimizing the risk of flooding (Szczepanowska 2001) . In addition, they provide protection from the sun, filtering much of the UV radiation reaching the earth"s surface . In combination with soil banks and other structures, trees constitute a soundabsorbing barrier, which is important particularly along thoroughfares and motorways (Czerwieniec and Lewińska 1996) . Furthermore, trees are an oasis of biodiversity, securing feed and shelter for invertebrates, birds and mammals (Tyrvainen et al. 2005 ).
CHARACTERIZATION OF DE-ICING AGENTS USED FOR WINTER MAINTENANCE
Excessive salt concentration along streets adversely affects all components of vegetation: trees, shrubs, herbaceous annuals and perennials (Dobson 1991) . Different reactions by plants to salt stress and other negative urban influences are particularly conspicuous in perennial plants, like trees and shrubs (Hofstra et al. 1979) , which accumulate harmful ions in their tissues. Trees are very important to the urban environment but also sensitive to accumulating stress, with coniferous being less resistant than deciduous trees (Borowski and Latocha 2006) . Problems related to the use of sodium chloride (NaCl) Sodium chloride, commonly known as table salt, was first used as a de-icing agent in the 1930s in the United States (Ramakrishna and Viraraghavam 2005) . In Poland, in 1968 de-icing chemicals replaced aggregate, used earlier to counteract road slipperiness (Czerwiński 1978) . Sodium chloride, due to its efficiency, availability in the market and low price, even now is the most often used de-icing agent for roads, pavements, and motorways in the countries where winter temperatures oscillate around 0ºC and below (Dobson 1991) . Excessive salt concentration produces such consequences as surface water pollution (Thunqvist 2003) and soil degradation, leading to its lesser permeability to water and gases (Ramakrishna and Viraraghavam 2005) , and to the release of heavy metals from insoluble complexes in soil (Oberts et al. 2000) . Moreover, further adverse effects of sodium chloride include: corrosion of metals and asphalt, and concrete deterioration and thus damage of the surface of roads, pavements, bridges, driveways and other objects (Cody et al. 1996) . Sodium chloride applied to roads and pavements in an automated way using specialized equipment or manually enters the environment in which street plants live. Salt from road or pavement surfaces is redistributed through the air or by the water/soil route, which is facilitated by splashing salinated slush by passing cars, by wind, melted snow runoff from road or pavement surfaces, clearing of sodium chloride-contaminated snow from roadsides, and dispersion of salt molecules in air as aerosol and later deposition on street objects and plants (Sieghart et al. 2005 ).
Other de-icing agents
Apart from sodium chloride, there are other substances that possess de-icing properties; however, their use is not common due to lower efficacy, higher cost or negative environmental impact.
Conventional de-icing agents (Dobson 1991)
Solid aggregates (sand, gravel) are cheap, easily available, have little or no negative environmental impact. However, they are relatively inefficient and repeated application is required for better efficacy. In addition, they can clog drains and cause car corrosion, while gravels splashed by cars can be risky for passers. Calcium chloride CaCl 2 immediately thaws ice and a desired effect can be achieved with smaller amounts of this compound than NaCl, and it has a lower freezing point (-51.6°C) in comparison with NaCl (-21.1°C). A disadvantage is high hygroscopicity (problems with storage and application) and higher price than NaCl. Magnesium chloride MgCl 2 (and KCl with similar properties) freezes at -33°C and enriches the environment with calcium ions (macroelement). However, it is strongly hygroscopic and can be used only in a dissolved form and requires specialized equipment. It is more expensive than NaCl and very corrosive. Sulfates: MgSO 4 , (NH 4 ) 2 SO 4 possess excellent de-icing properties but cause mortar and concrete surface deterioration. (NH 4 ) 2 SO 4 is rich in nitrogen, posing a risk of overfertilization and ground water pollution. Urea does not cause corrosion but is a very expensive preparation, and is efficient to -12 o C. It is light and can be easily blown away so it can be applied after prior moisturizing. The product of its decomposition, ammonia, is toxic to aquatic fauna. It can also cause overfertilization. Alcohols and glycols (izopropyl alkohol, ethylene glycol) are usually used on runways, do not cause corrosion but are more expensive than NaCl. They are effective at temperature higher than -5 o C. They can produce surface damage. Methanol does not cause corrosion, freezes at -120 o C. It is easy to use in liquid form but is highly flammable. Its high price is compensated by its weaker adverse environmental impact.
Newly developed NaCl substitutes
Calcium magnesium acetate CMA was implemented in the USA at the beginning of the 1980s. It has huge potential because it is friendly to the environment (Robidoux and Delisle 2001) . Sodium formate and acetate NaFo/NaAc is an innovative de-icing substance. It is a mixture of sodium formate (NaFo) and sodium acetate (NaAc) discovered in the 1990s. In the USA, it is marketed under the name "Ice Shear". It is not corrosive, and is harmless to fauna and flora (Bang and Johnson 1998). Potassium carbonate K 2 CO 3 is an optimal alternative to sodium chloride. Potassium is a deficient element, particularly at high soil salinity, while carbonate anion does not show phytotoxic liability. Its dose of 200 g m -2 used in Austria did not produce any negative effects on vegetation Hartl 2000, Hartl and Erhart 2002) .
MEASURES REDUCING NEGATIVE IMPACT OF EXCESSIVE SALT CONCENTRATION ON URBAN TREES

Reduction of salt use by implementation of rational management and new technologies
The consumption of de-icing substances depends on the policies of the local authorities responsible for winter maintenance of roads, pavements and motorways, and their cooperation with contractors (Knudsen 1994). In Copenhagen, new technologies of salt application involve utilization of precise dosing machines adapted to the use of moisturized salt. The dose of the moisturized salt required to achieve a de-icing effect was lower than the dose of dry salt (OECD 1989) . A specialized computer program for analysis of weather conditions is another necessary investment aiding the precise estimation of the needed salt dose. The program is linked to stations in different parts of the city that supply information about the amount of salt still remaining on road surfaces and about street moisture (OECD 1989) . To prevent excessive salt application, the training of de-icing equipment operators is important, and popular campaigns about the negative consequences of superfluous salt use would be helpful (OECD 1989) . During heavy snowfall in winter, the snow should be mechanically removed and transported outside of the city to the designated areas. Speed restriction in urban spaces is an efficient method of counteracting the splashing of polluted slush (Sieghart et al. 2005 ).
Planning and design of urban landscape
It is very common that trees grow very close to the streets and pavements, having little space, with hard surfaces all around the trunk. There are several methods to adapt urban architecture in order to limit pollutant sedimentation and run-off into the environment where street plants live. One solution is to construct elevated green strips (Craul 1992) and to use barriers like low walls along streets and semicircular forms surrounding the trees that may serve as shields. The proper location of trees is a very important solution protecting them from salt stressinduced damage. When new plants are planned, it is important to keep at least a distance of 2 m from the roadside if possible, considering existing urban development (Pedersen et al. 2000) .
Shields around trees
Low shields (0.5 m tall) separating the tree from the roadside, installed in winter and dismantled in spring, can significantly reduce salt accumulation in the root system of plants (Pedersen et al. 2000 , Sieghart et al. 2005 ).
Planning and agrotechnical preparation for urban plantings Plants should be selected based on environmental, economic, urbanistic and social criteria (Miller 1997 , Saebo et al. 2003 . To counteract salt stress development, it is important to select suitable species and varieties of healthy nursery plants (Pauleit 2003) . Anthropogenically transformed urban soil is characterized by weakly developed biological life, and the lack of mycorrhizal organisms can limit the growth of trees, particularly from street plantings, by hindering absorption of nutrients. Inoculation of excessive salinity-resistant mycorrhizal fungi in the root system of plants can significantly improve the tolerance of sensitive trees, like Tilia cordata, Fagus sylvatica and Aesculus pavia, to salt accumulation in soil (Borowski and Latocha 2006, Chohura 2007) . The preparation of substrate is also important. This can require the replacement of degraded soil and the use of soil supplementation with substrates (e.g. hydrogels) able to increase water and nutrient accumulation potential. Investment in watering/drainage or aerating/watering systems is also worth consideration (Szczepanowska 2001 , Kosmala 2005 .
Breeding for better genotype of trees
Breeding studies can lead to genetic improvement of trees and their resistance to salinity, and although this is a time-consuming and difficult process, it can be a way to ensure the future survival of trees under difficult urban conditions (Allen et al. 1994 , Sieghart et al. 2005 , Borowski and Latocha 2006 .
Soil desalination
The health of trees can be improved by the application of calcium sulfate (CaSO 4 ), washing salt away from soil, mulching and fertilization, and soil replacement (Dobson 1991 , Craul 1992 , Szczepanowska 2001 , Sieghart et al. 2005 ).
CONCLUSIONS
Observations of trees along thoroughfares in Krakow carried out between 2004-2007 have demonstrated that tree dieback is a serious problem affecting a majority of species sensitive to difficult urban conditions. The studies identified the use of sodium chloride as a de-icing agent as the main contributing factor to this phenomenon. A similar negative effect of NaCl was confirmed by observation of street trees and shrubs, and chemical analyses of soil and plant organs from other Polish and European cities (Czerwiński 1978 , Simini and Leone 1986 , Dmuchowski et al. 2002 , Dmuchowski and Badurek 2004 , Bach and Pawłowska 2006 .
To save dying trees, it is important to counteract the salt accumulation around plant root systems by applying the following measures: informing the public about the negative consequences of salt accumulation in the environment (OECD 1989), training of de-icing equipment operators, instructing people applying salt to pavements adjacent to private properties, and the use of environment-friendly sodium chloride substitutes, like calcium-magnesium acetate. Moreover, urban landscapes should be properly designed, using suitable resistant plant species (Robinia pseudoacacia, Platanus hispanica, Acer campestre, Prunus eminens). Plantings should be recorded in detail and trees should be monitored, particularly in terms of their health condition. The proper agrotechnical preparation of substrate and maintaining it in good condition is also indispensable. Trees growing at sites highly polluted by salt can be helped by building low fences, walls and elevated pavements, separating the plants from roadway, and special shields around the trees. In spring, salt can be washed away from soil and gypsum can be applied as a remedy. The exchange of experiences with other countries is necessary as well.
substytuty chlorku sodu (octan wapniowo magnezowy CMA, mrówczan i octan sodu NaFo/NaAc, węglan potasu K 2 CO 3 ). Ponadto przedstawiono metody profilaktyczne zapobiegające negatywnym skutkom "walki z zimą", zasady planowania i projektowania miejskiego krajobrazu, a także sposoby racjonalnego zarządzania oraz proekologiczne, nowoczesne technologie redukujące zużycie soli zimą i niwelujące skutki niewłaściwych działań.
